Current understanding of human immunodeficiency virus type 1 (HIV-1) transcription is based on unidirectional expression of transcripts with positive-strand polarity from the 5' long terminal repeat. We now report HIV-1 transcripts with negative-strand polarity obtained from acutely and chronically infected cell lines by use of a template orientation-specific reverse transcriptase-PCR assay. These findings were confirmed in natural infection by analysis of RNA derived from peripheral blood mononuclear cell samples from 15 HIV-1-infected patients. A cDNA derived from a 2.3-kb polyadenylated HIV-1 RNA with negative-strand polarity which encodes a highly conserved 189-amino-acid open reading frame antiparallel to the envelope gene was isolated from acutely infected A3.01 cells. Through use of reporter gene constructions, we further found that a novel negative-strand promoter functions within the negative response element of the 3' long terminal repeat, which is downregulated by coexpression of Tat. Site-directed mutagenesis experiments demonstrated that NF-KB I and USF sites are crucial for negative-strand promoter activity. These data extend the coding capacity of HIV-1 and suggest a role for antisense regulation of the viral life cycle.
The positive-strand promoter (PSP) of human immunodeficiency virus type 1 (HIV-1), contained entirely in the U3 region of the long terminal repeat (LTR), is composed of three SP1-binding sites located at positions -78 through -47 and a TATA box at positions -28 to -24 (28, 33) . Two NF-KB enhancer elements are located upstream, at positions -106 and -92 (29) , and sequences with limited homology to AP-1 enhancer elements are found further upstream. A 59-bp region which confers transcriptional transactivating potential on the core promoter elements by the viral Tat protein is located within the R region of the LTR (3, 37) . This transactivation response (TAR) region folds into alternate RNA stem-loop structures that are found in the 5' termini of all HIV-1 transcripts. The TAR element mediates a substantial increase in transcriptional initiation and elongation through interactions with the viral Tat protein and other cellular factors (9, 19, 21, 35) .
Bidirectional expression of transcription units is frequently observed in small genetic systems, such as mammalian mitochondria and animal viruses, where relatively large amounts of genetic information are encoded in relatively small genomes (1, 4, 24, 38, 39) . Mammalian mitochondrial DNA contains a single structural gene and 8 of 22 transfer DNA genes encoded on the DNA strand complementary to the major coding strand. Both strands are expressed by a pair of promoters localized in close proximity to each other in the D-loop region (6, 7, 11) . Herpes simplex virus type 1, a pathologic human DNA virus, possesses a gene, lat-1, which partially overlaps the aO regulatory gene encoded on the major coding strand of herpes simplex virus type 1 and is thought to play a role in viral latency (38, 39) . HIV-1 utilizes a panoply of genetic mechanisms to streamline a large amount of coding information into a 9.7-kb genome (8, 15, 27) . These mechanisms include overlapping genes expressed by a complex pattern of alternative RNA splicing (2, 10, 16, 34) , bicistronic transcripts employing ribosomal frameshifting (2, 18, 34) , and posttranslational cleavage of polyproteins into products with a wide range of functions (40) .
A limited report (5) has suggested HIV-1 negative-strand RNAs of 1.0, 1.1, and 1.6 kb in H9 cells acutely infected with HIV-11lB. Negative-strand transcripts of 2.5 and 2.9 kb have also been identified in human T-cell leukemia virus type 1 (HTLV-1)-infected cells produced by a weak negative-strand promoter (NSP; 20) . The HTLV-1 genome also encodes an open reading frame (ORF) of 265 amino acids 3' to the envelope gene (20) . We now present evidence that HIV-1 exhibits bidirectional transcription of coding regions mediated by a novel NSP in the negative response region of the 3' LTR. Negative-strand RNA production may, therefore, be a general but underappreciated feature of lentiviral gene expression with important coding and regulatory functions.
MATERIALS AND METHODS
Detection of HIV-1 RNAs with positive-and negative-strand polarities by reverse transcriptase (RT)-PCR technology. The method used for sample preparation and quantitative RT-PCR and the gag and nef primer-probe combinations were previously described (25) . We used primers specific for a 136-bp fragment of gag or a 304-bp fragment of nef that could amplify cDNA with either positive-or negative-strand orientation, depending upon the polarity of the primer chosen for the reverse transcription step. A single primer was used for the reverse transcription step prior to heat inactivation of the RT and subsequent PCR. For detection of positive-strand RNA, an oligodeoxynucleotide with negative-strand polarity was used to prime the RT reaction. For detection of negative-strand RNA, an oligodeoxynucleotide with negative-strand polarity was used to prime the RT reaction. Detection and determination of the sequence specificity of the amplified fragment were done by hybridization with an internal oligodeoxynucleotide probe. Copy number (see Fig. IC ) was assigned relative to parallel amplifications with cRNA transcribed in vitro from a cloned template. Average values from three iterations were used to assign both standard and experimental copy numbers. Signal detection and quantitation were performed by storage phosphor technology (Molecular Dynamics) (25) .
Construction XbaI site was added to the U5 primer, and the nef primer was phosphorylated prior to amplification. pSV2CAT was digested with HindIll, treated with T4 DNA polymerase, and then digested with BamHI, and the resulting 1.6-kb fragment containing the cat-poly(A) region was gel purified. The HIV-1 fragment was ligated in a tripartite reaction with the catpoly(A) fragment and an XbaI-BamHI double-digested pBluescript KSII plasmid. Deletion mutations of the 3' LTR were prepared by PCR and then recloned upstream of the cat gene in vector pSKCAT. pSKCAT was constructed by cloning the cat-poly(A) fragment from pSV2CAT into pBluescript II SKat the HindlIl and BamHI sites. The 3' deletion constructions share a 5' terminus at position 9,718 at the end of U5. The 3' ends are as follows: 14-2, 9,650; 14-4, 9,584; 14-6, 9,538; 14-8, 9,503; 14-10, 9,482; 14-12, 9,471; 14-14, 9,458; 14-16, 9,444; 14-18, 9,430, 14-20, 9,366; 14-22, 9,288; 14-24, 9,225; 14-26, 9 ,122. The 5' deletion constructions share a 3' end at position 9,009. The 5' ends are as follows: 1-3', 9,679; 3-3', 9,649; 7-3', 9,604; 9-3', 9,558. Construction 5-3'-AUSF spans positions 9,639 to 9,009. It contained a spontaneous G-to-A transition in the USF site conserved hexanucleotide core (HXB2 position 9,372). Constructions 11-26 and 13-26 span positions 9,495 to 9,122 and 9,460 to 9,122, respectively. Constructions 11-26-NF-KBI, 11-26-NF-KB II, and 11-26-NF-KB 1+11 have triple mutations in the first, second, or both NF-KB elements, respectively (see Fig. 4A ). Constructions were recovered by transformation of Escherichia coli DH5a cells (GIBCO/BRL) and subsequent restriction enzyme screening. All constructions were purified by double banding in ethidium bromide-cesium chloride gradients and confirmed by nucleotide sequencing.
Reporter gene assays. Electrophoretic mobility shift assays. Two pairs of oligodeoxynucleotides corresponding to both strands of the region of U3 containing the USF site were synthesized and gel purified by using denaturing acrylamide gels. One set was the wild type, and the other contained a G-to-A transition in the core hexanucleotide of the USF element. One member of each set was 5' end labeled with 32p prior to annealing in stoichiometric amounts with its cognate complementary strand at 70°C for 30 min. (Fig. 1B) . We next sought to establish the physi--Strand d1_1_ ologic relevance of these findings to natural infection. Thus, negative-strand RNA expression was assessed in RNA extracted from 15 probe; this resultcd in 60 highly purificd clones, of which 3 had negative-strand orientation upon subsequent sequence analysis across the Xhol sites. Complete sequencing of these cDNAs revealed a cluster of 5' ends mapping within the R region of the 3' LTR (Fig. 2) . The 5' ends of two of the cDNAs, A-3006 and A-3009, mapped to HXB2 positions (32) 9581 and 9618, respectively, in the R region. These two cDNAs were truncated at the XhoI site at position 8,896 because of incomplete protection of internal XhoI sites by methylated dCTP residues during first-strand synthesis of the cDNA library. However, the 5' end of cDNA A-3025 mapped to position 9608, extended 2,242 nucleotides to position 7367, and then terminated in a poly(A) tract of approximately 80 residues. This cDNA encodes a previously identified, highly conserved 189-amino-acid negative-strand ORF located across the gpl20-gp4I boundary (positions 7941 to 7372; 26) (Fig. 2) . The protein predicted by this ORF is remarkable for its hydrophobicity and number of cysteine and proline residues. A-3025 acquired a poly(A) tail 5 nucleotides downstream of the TAG termination codon for this ORF. Two common variant polyadenylation signals with the sequence AYTAAA (30) were found in an unusual position, within the coding sequences, for this ORF at 48 and 33 nucleotides upstream of the poly(A) addition site. Poly(A) signals are normally found in the 3' untranslated region of structural genes (30) . A GT-rich domain, associated with efficient polyadenylation sites (30) , is present 21 bp downstream of the poly(A) addition site. We propose that this ORF be named ASO] (antisense ORF1).
Detection of a novel promoter producing negative-strand transcripts. The location of negative-strand cDNA 5' termini suggested that the NSP would be found in the 3' LTR. We constructed a reporter plasmid, poLTRCAT, containing the entire 3' LTR and a portion of the nef gene placed, in the antisense orientation, upstream of the cat gene and the simian virus 40 polyadenylation element (Fig. 3A) . The relative promoter activities of the NSP and PSP were assessed by transfection of various amounts of potLTRCAT and a control construct containing the HIV-1 PSP region (pU3RIII; 37) into SupTI cells by electroporation. CAT activity was assessed at 36 h posttransfection. The basal-level activity of the NSP was ninefold less than that of the PSP as measured in SupTI cells ( (14), fl is the filamentous phage origin of replication, ColEl ori is the plasmid origin of replication, and amp'" is the ampicillin resistance-encoding gene. (B) The effect of wild-type and mutant tat coexpression on potLTRCAT was studied with a wild-type tat expression plasmid (pSVL_tat) and a single-nucleotide mutation of pSVLtat which causes a cysteine-to-glycine change at amino acid position 25 The NSP maps to the negative response element. The NSP was more precisely localized by extensive 5' and 3' deletion mapping of the HIV-1 portion of poxLTRCAT (Fig. 3C) . The (Fig. 3C ). This suggests that Tat repression of the NSP is mediated through its ability to stimulate the adjacent but antiparallel PSP. This NSP region has been previously associated with the negative response element of the LTR, which has (A) Plasmids containing either a wild-type HXB2 sequence and one containing a mutated USF site cloned upstream of the cat gene were separately transfected into SupTl cells, and promoter activities were determined as described in the legend to Fig. 3 . The data are expressed as the average percent conversion (% conv) and standard deviation (std. dev.) of three transfections. Only the positive deflection of the error bracket is visible above the average bar. WT, wild-type plasmid 3-3'. AUSF, plasmid 5-3'-AUSF, which contains a single G-to-A mutation in the core hexanucleotide of the USF element. (B) Electrophoretic mobility shift assays were performed with HeLa cell nuclear extracts and -3P-labeled oligodeoxynucleotides corresponding to the region in U3 containing the USF site. Extract presence or absence is indicated by a plus sign or a minus sign, respectively, at the top. The use of a wild-type (WT) or mutant (M) probe is indicated at the top. The migration of DNA-protein complexes is given to the left. The migration positions of labeled double-stranded (ds) and single-stranded (ss) probes are shown. Competition reactions are indicated by wedgeshaped symbols over contiguous groups of four lanes with competitor excesses, left to right, of 50-, 100-, 200-, and 400-fold. The symbol WT or M within a wedge symbol refers to the use of a wild-type or mutant competitor template, respectively. The USF core hexanucleotide sequences are given below both wild-type and mutant oligodeoxynucleotides. The mutated base pair is in boldface.
an inhibitory effect on both the PSP and virion production (13, 22, 23) .
The USF and NF-KB I sites are crucial for NSP activity. Further delineation of the cis-acting sequence elements involved in NSP activity was provided through analysis of point mutations in the USF and NF-KB sites. A wild-type cat reporter construction and one containing a single-point mutation in the conserved hexanucleotide core sequence of the USF site (CACGTG to CACGTA) were independently transfected Regions in boldface within the NF-KB sites show the location of the triple mutation in each site. (B) Reporter plasmids containing either the wild-type HXB2 sequence contained in clone 11-26 or those containing NF-KB site mutations cloned upstream of the cat gene were separately transfected into SupTI cells. Promoter activities were determined as described in the legend to Fig. 3 . The data are expressed as the average percent conversion (% conv) and standard deviation (std. dev.) of three transfections. WT, wild-type plasmid [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] into SupTI cells in triplicate, and promoter activities were assessed as shown in Fig. 4A . This single-point mutation in the USF site diminished NSP activity to undetectable levels. This activity was restored by reversion mutation (data not shown). On the basis of this finding, oligodeoxynucleotides representing both strands were synthesized to reflect either the wild-type or mutant USF site on these constructions. These DNAs were then used as probes in electrophoretic mobility shift assays with HeLa cell nuclear extract as shown in Fig. 4B Fig. 5B . Mutation of NF-KB site I alone reduced NSP activity 4.3-fold, whereas mutation of site II alone reduced NSP activity by only 2.4-fold.
The combined effect of mutation of both NF-KB sites was no different from the reduction in NSP activity associated with the site I mutation alone, as the standard deviation of the former assay fully overlapped with that of the latter.
DISCUSSION
The data presented here confirm the presence of HIV-1 RNA transcripts with negative-strand polarity in tissue culture models of acute and persistently infected cells. We feel that the physiologic relevance of these findings is greatly strengthened by the direct demonstration of negative-strand HIV-1 RNAs in the peripheral blood mononuclear cells of a large number of infected patients. What role do these transcripts play in the life cycle of the virus? We feel that negative-strand transcription of HIV-1 provides for expansion of the coding capacity of HIV-1 and suggests a role for antisense regulation of viral replication.
These two implications of our findings will be discussed in turn.
The extended coding capacity afforded by negative-strand transcription of HIV-1 is underscored by the isolation of a cDNA that encodes the highly conserved ORF ASO] first described by Miller (26) . The Analysis of the sequences contained by the NSP reveal no well-conserved TATA box. This suggests that transcriptional initiation of negative-strand transcripts is not precise, as has been shown for other promoters lacking a TATA box (36) . Indeed, preliminary mapping experiments of 5' RNA termini by RNase protection suggests that the initiation of negativestrand RNAs occurs in a ragged fashion (data not shown).
The finding that Tat downregulates the NSP must be interpreted cautiously, since the data were generated with circular reporter plasmids and not in the context of an integrated provirus. It is logical to assume that Tat mediates this effect through upregulation of the PSP, since Tat-mediated downregulation of the NSP is dependent upon an intact TAR element present in cis. It is possible that either helical unwinding or the presence of transcription factor complexes mobilized to the PSP sterically interferes with NSP initiation. Alternatively, PSP-initiated transcripts could conceivably interfere with NSP activity on these circular plasmids by a full cycle of procession around the vector. If this downregulatory effect on the NSP by Tat is relevant to an integrated provirus, then it is important to note that this effect was not absolute in our reporter gene experiments. Thus, the disparity in the amounts of negative-and positive-strand transcripts may be a consequence of both the weaker activity of the negative-strand promoter (Table 2 ) and the inhibitory effect of Tat on this promoter. The suppression of the NSP by Tat, taken together with the localization of the NSP to the negative response element, suggests a mechanism for antisense gene regulation in HIV-1. Giacca and coworkers have recently shown that the USF site is the critical domain contributing to the activity of the negative response element (13) . We have shown that the core NSP contains both this region and other sequences previously shown to be associated with a negative regulatory effect on the PSP and on virion production. We have further shown that mutation of the core hexanucleotide of the USF site greatly diminishes the activity of the NSP. It is possible that the mechanism of action of the negative response element is mediated by the activity of the opposing promoter described in this report. As such, this new regulatory pathway may provide another target for therapeutic intervention in HIV disease. Elucidation of the transcriptional factors that contribute to the function of NSP and its interaction with the PSP will be critical to the dissection of the molecular mechanisms of NSP regulation and its role in the HIV-1 life cycle.
